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ABSTRACT
Some low-mass planets are expected to be ejected from their parent planetary systems during early
stages of planetary system formation. According to planet-formation theories, such as the core accre-
tion theory, typical masses of ejected planets should be between 0.3 and 1.0M⊕. Although in practice
such objects do not emit any light, they may be detected using gravitational microlensing via their
light-bending gravity. Microlensing events due to terrestrial-mass rogue planets are expected to have
extremely small angular Einstein radii (. 1µas) and extremely short timescales (. 0.1 day). Here, we
present the discovery of the shortest-timescale microlensing event, OGLE-2016-BLG-1928, identified
to date (tE ≈ 0.0288 day = 41.5 min). Thanks to the detection of finite-source effects in the light curve
of the event, we were able to measure the angular Einstein radius of the lens θE = 0.842 ± 0.064µas,
making the event the most extreme short-timescale microlens discovered to date. Depending on its
unknown distance, the lens may be a Mars- to Earth-mass object, with the former possibility favored
by the Gaia proper motion measurement of the source. We rule out stellar companions up to the pro-
jected distance of 8.0 au from the planet. Our discovery demonstrates that terrestrial-mass free-floating
planets can be detected and characterized using microlensing.
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1. INTRODUCTION
Thousands of extrasolar planets have been discovered
to date. Although many of the known exoplanets do not
resemble those in our Solar System, they have one thing
in common – they all orbit a star. However, theories of
planet formation and evolution predict the existence of
free-floating (rogue) planets, gravitationally unattached
to any star.
Exoplanets may be ejected from their parent planetary
systems as a result of planet-planet scattering (Rasio &
Ford 1996; Weidenschilling & Marzari 1996; Lin & Ida
1997; Chatterjee et al. 2008). It is estimated that at
least 75% of systems with giant planets must have expe-
rienced planet-planet scattering in the past (Raymond
& Morbidelli 2020, and references therein). Dynamical
interactions between giant planets inevitably lead to dis-
ruptions of orbits of inner smaller (rocky) planets (e.g.,
Veras & Armitage 2005; Matsumura et al. 2013; Car-
rera et al. 2016) and may lead to their ejection. In their
population synthesis calculations (which are based on
the core accretion theory of planet formation; Ida et al.
2013), Ma et al. (2016) found that typical masses of
ejected planets are between 0.3 and 1.0M⊕. According
to their model, rogue planets are more likely to form
around massive stars, which are in turn more likely to
host giant planets. A similar conclusion was reached by
Barclay et al. (2017) who carried out N-body simula-
tions of terrestrial planet formation around solar-type
stars. They found that in the presence of giant plan-
ets in such systems, a large fraction of the protoplane-
tary material is ejected, partly in the form of Mars-mass
bodies (∼ 0.1− 0.3M⊕). Planets may also be liberated
as a result of interactions in multiple-star systems (e.g.,
Kaib et al. 2013) and stellar clusters (e.g., Spurzem et al.
2009), stellar flybys (e.g., Malmberg et al. 2011), or the
post-main sequence evolution of the host star (e.g., Ve-
ras et al. 2011).
Dark compact objects, such as rogue planets, may
be in principle detected in gravitational microlensing
events—microlensing does not depend on the brightness
of a lensing object. However, typical Einstein timescales
of microlensing events due to sub-Earth-mass objects are
extremely short:
tE =
θE
µrel
= 1.5 hr
(
M
0.3M⊕
)1/2 ( pirel
0.1 mas
)1/2( µrel
5 mas yr−1
)−1
(1)
rendering their detection difficult. (Here, θE is the an-
gular Einstein radius, µrel – relative lens-source proper
motion, M – mass of the lens, pirel – relative lens-source
parallax.) If the radius of the source star is larger than
the Einstein radius, the duration of microlensing events
is extended thanks to finite source effects (Gould 1994;
Nemiroff & Wickramasinghe 1994; Witt & Mao 1994).
For sub-Earth-mass lenses, finite source effects become
important if the angular radius of the source, θ∗, is of
the order of the Einstein radius,
θE = 0.8µas
(
M
0.3M⊕
)1/2 ( pirel
0.1 mas
)1/2
. (2)
So far, only four short-timescale microlensing events ex-
hibiting finite source effects were identified (i.e., OGLE-
2012-BLG-1323, tE = 0.155 ± 0.005 day, θE = 2.37 ±
0.10µas; OGLE-2016-BLG-1540, tE = 0.320±0.003 day,
θE = 9.2±0.5µas; OGLE-2019-BLG-0551, tE = 0.381±
0.017 day, θE = 4.35 ± 0.34µas; KMT-2019-BLG-2073,
tE = 0.267± 0.026 day, θE = 4.77± 0.19µas; Mro´z et al.
2018, 2019, 2020; Kim et al. 2020). They provide strong
evidence for a population of rogue planets in the Milky
Way (see also Mro´z et al. 2017).
In this letter, we present the discovery of the shortest-
timescale microlensing event detected to date (tE =
0.0288+0.0024−0.0016 day, θE = 0.842 ± 0.064µas), which was
likely caused by a Mars- to Earth-mass object.
2. DATA
Microlensing event OGLE-2016-BLG-19281 occurred
on 2016 June 18 (HJD′ = HJD − 2450000 = 7557.8)
on a bright star (I = 17.07, V − I = 1.91) located
at the equatorial coordinates of RA = 18h01m31.s25,
Decl. = −29◦07′46.′′2 (Galactic coordinates: (l, b) =
(1.596◦,−3.094◦)). The event was found in data from
the fourth phase of the Optical Gravitational Lensing
Experiment (OGLE; Udalski et al. 2015) as part of the
search for wide-separation planetary systems (Poleski et
al., in preparation) but it has been observed by OGLE
since 1997. The event was located near the area that was
extensively monitored during the Campaign 9 of the K2
mission (Henderson et al. 2016) – both by K2 and nu-
merous ground-based telescopes. However, only OGLE
and one of the stations of the Korea Microlensing Tele-
1 This event was not detected in real-time by the OGLE Early
Warning System (Udalski 2003). For consistency with previous
works, we assigned it name OGLE-2016-BLG-1928.
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Figure 1. Upper panel: 23-year-long OGLE light curve of
the microlensing event OGLE-2016-BLG-1928 reveals only
one brightening that occurred on 2016 June 18 and lasted
about 0.2 day. Lower panel: Close-up of the magnified part
of the light curve with the best-fitting microlensing model
overplotted.
scope Network (KMTNet; Kim et al. 2016) – located in
Cerro Tololo Interamerican Observatory (KMT CTIO)
– captured the magnified part of the light curve (as
shown in Figure 1). We used OGLE and KMT CTIO
data in single-lens models. For binary-lens modeling,
we included additional data from the KMTNet tele-
scope in the Southern African Astronomical Observa-
tory (KMT SAAO). The event was also observed six
times during 7557.87 < HJD′ < 7558.17 by the Mi-
crolensing Observations in Astrophysics (MOA) survey
(Bond et al. 2001) under adverse weather conditions
(poor seeing and clouds) which prevented us from ex-
tracting useful data. All analyzed data were collected
in the I-band. The photometry was extracted using
custom implementations of the difference image analy-
sis (Alard & Lupton 1998) method by Woz´niak (2000)
(OGLE) or Albrow et al. (2009) (KMTNet).
3. SINGLE-LENS MODELS
The light curve of the event (Figure 1) can be well de-
scribed by an extended-source point-lens model, which
has four parameters: t0 and u0 – time and projected
separation during the closest approach between the lens
and the center of the source, tE – Einstein timescale, and
ρ = θ∗/θE – which is the angular radius of the source θ∗
expressed in θE units. The approximate values of these
parameters can be estimated from the light curve with-
out the need of sophisticated modeling (c.f. Mro´z et al.
2020): the maximum magnification A and duration ∆t
of the event are related to ρ ≈ √2/(A− 1) ≈ 3.1 and
tE ≈ ∆t/2ρ = 0.03 d. Indeed, in our best-fitting model
we measure ρ = 3.39+0.10−0.11 and tE = 0.0288
+0.0024
−0.0016 d (Ta-
ble 1). Microlensing magnifications are computed us-
ing the method described by Bozza et al. (2018), we
assume a linear limb-darkening law with Γ = 0.46 (as
appropriate for the effective temperature of the source
of 5000± 200 K, see Section 5; Claret & Bloemen 2011).
The best-fitting parameters and their uncertainties are
estimated using the Markov Chain Monte Carlo sampler
of Foreman-Mackey et al. (2013).
During the modeling we fix the value of the dimen-
sionless blending parameter fs = 1, that is, we assume
that the entire flux comes from the source star. Usually,
for every data set, there are two additional parameters
that describe the source flux Fs and unmagnified blend
flux Fb. We define fs = Fs/(Fs + Fb). When both Fs
and Fb were allowed to vary, the best-fitting solutions
had large negative blending flux (fs & 3), such solu-
tions are unphysical. The best-fitting model with fs = 1
is disfavored by only ∆χ2 = 4.8 which may be due to
a statistical fluctuation or low-level systematics in the
data. As demonstrated by Mro´z et al. (2020), blending
does not influence the inferred value of θE provided that
the blend and source have similar colors. Thus, in our
final models, we kept Fb = 0 (that is, fs = 1) constant,
but we also added in quadrature 0.05 mag to the un-
certainty of the source brightness. For comparison, the
best-fit parameters for the free-blending fit (assuming
fs ≤ 1) are also presented in Table 1. Blending may af-
fect the characterization of the lens only if the blend and
source have significantly different colors, as discussed in
detail by Mro´z et al. (2020) and Kim et al. (2020).
4. BINARY-LENS MODELS
The light curve of OGLE-2016-BLG-1928 shows a
clear signal from a low-mass planet, but it does not show
an obvious signal from a host of the planet. To search for
a host, we fitted a binary-lens model to the data. The
binary-lens model has three parameters more than the
single-lens model and these are: s – the projected sepa-
ration between the planet and host expressed in Einstein
radii (of the total mass of the system), q – planet to host
mass ratio, and α – angle between the binary axis and
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Table 1. Microlensing parameters for best-fit solutions
Point Lens Binary Lens
Parameter Value Value Parameter Value
(fs = 1) (fs ≤ 1)
t0 (HJD
′) 7557.8332+0.0050−0.0036 7557.8325± 0.0037 t0 (HJD′) 7593.31± 0.74
tE (days) 0.0288
+0.0024
−0.0016 0.0286± 0.0020 tE (days) 1.93+0.13−0.17
u0 0.59
+0.58
−0.42 0.29
+0.60
−0.29 u0 2.91
+0.28
−0.39
ρ 3.39+0.10−0.11 3.31
+0.12
−0.25 ρ 0.0518± 0.0048
Is 17.07± 0.05 17.11+0.16−0.05 s 18.7+1.7−1.1
fs 1.0 (fixed) 0.96
+0.05
−0.13 q 0.34
+0.17
−0.10 × 10−3
α (deg) 188.8± 1.2
Note—HJD′=HJD-2450000. fs = Fs/(Fs + Fb) is the dimensionless blending param-
eter.
the source trajectory. We started the search for binary
lens models by defining t0, u0, and tE relative to the
planet (Han 2006; Mro´z et al. 2020), because then the
values of the four parameters (t0, u0, tE, ρ) are well con-
strained by the light curve. In order to speed-up calcu-
lations, we neglected limb-darkening of the source. The
magnification of the finite-source binary-lens model was
evaluated using the method presented by Bozza (2010)
and Bozza et al. (2018). The fitting was done using the
MulensModel code by Poleski & Yee (2019). After these
initial fits converged, we re-run the fits in standard pa-
rameterization (t0, u0 defined relative to the center of
mass, and tE relative to the total mass of the system)
and including limb-darkening of the source.
The parameters of the binary-lens model are presented
in Table 1. When compared to the single-lens model,
the χ2 improves by 44.2. The parameters of the binary-
lens model point to an unusual system. The Einstein
timescale of 1.9 d is extremely short and suggests that
the host has a mass of a few Jupiter masses, hence may
be a planet as well. Additionally, the projected separa-
tion s ≈ 19 is almost four times larger than the widest
separation microlensing planet currently known (OGLE-
2008-BLG-092, s = 5.3; Poleski et al. 2014).
The main difference between single-lens and binary-
lens models is the presence of a low-amplitude bump at
HJD′ ≈ 7593. The bump could have an origin other
than the microlensing of planet host: it could be pro-
duced by low-level fluctuations in the light curve (either
of instrumental origin, intrinsic variability, or a com-
bination of both). We cannot judge the reliability of
the binary-lens fit using Bayesian approach because we
cannot present a meaningful prior on such binary-lens
model. Instead, we decided to check ∆χ2 relative to a
constant brightness model and determine whether simi-
Table 2. Physical parameters for the source
and lens for point lens (fs = 1.0 solution)
Parameter Value
Source:
Is,0 15.78± 0.08
(V − I)s,0 0.93± 0.02
(V −K)s,0 2.12± 0.07
Teff (K) 5000± 200
Γ (limb darkening, I band) 0.46
θ∗ (µas) 2.85± 0.20
µl (mas yr
−1) −6.12± 1.03
µb (mas yr
−1) −0.13± 0.81
Lens:
θE (µas) 0.842± 0.064
µrel (mas yr
−1) 10.6± 1.0
lar bumps are present in other seasons of the OGLE-IV
data. We fitted point-source point-lens models to each
of the observing seasons 2010-2015 and 2017-2019. For
each season (i), we calculated χ2 difference between the
above fit and a model of constant brightness (∆χ2i ). In
order to compare these values with the bump in 2016 we
normalized them by the number of epochs in the given
season: ∆χ2iN2016/Ni, where N2016 = 1621. The results
of these calculations are presented in Table 3. The ∆χ2
between point-lens and binary-lens models for 2016 data
is 32.5 when only OGLE data are considered. We see
that in four out of nine other seasons the ∆χ2iN2016/Ni is
higher than 32.5, hence, the probability that the bump
detected in binary-lens analysis is just the manifesta-
A terrestrial-mass planet detected in the shortest-timescale microlensing event 5
Table 3. Statistics of trends seen in OGLE data in seasons
2010-2015 and 2017-2019.
year Ni ∆χ
2
iN2016/Ni
2010 651 45.2
2011 813 26.2
2012 2317 51.7
2013 2309 41.7
2014 2277 13.9
2015 2170 10.2
2017 707 68.1
2018 724 30.8
2019 824 16.7
tion of low-level fluctuations as seen in other seasons is
4/9 = 44%.
Since there is no strong evidence for a host star from
the microlensing light curve, we use the method of Mro´z
et al. (2018, 2019) to estimate lower limits on the pro-
jected star-planet separation of a putative host star. We
consider a 0.3M host located either in the Galactic
disk (pirel = 0.1 mas) or in the bulge (pirel = 0.016 mas),
which correspond to θE,host = 0.49 mas or 0.20 mas, re-
spectively. Then, we simulate synthetic OGLE light
curves (spanning from 2010 March 5 through 2019 Oc-
tober 30) assuming q = (θE/θE,host)
2, 1 ≤ s ≤ 10, and
0 ≤ α ≤ 2pi. For each pair of (q, s) we calculate the
fraction of light curves that show signatures of the host
star. We find a 90% lower limit on the projected host
separation of 3.6 Einstein radii for the lens located in
the disk (pirel = 0.1 mas) and 3.3 Einstein radii for the
bulge lens (pirel = 0.016 mas). These limits translate to
8.0 au and 4.6 au, respectively.
We also searched for binary-lens solutions in which the
observed brightening is due to a cusp crossing. We did
a grid search with −2 ≤ log q ≤ 0 and 0.2 ≤ s ≤ 3. We
considered only trajectories that cross the caustic twice
during the night of HJD′ = 7557 and parameterized the
models using the Cassan (2008) approach. In the best-
fitting model (tE = 0.020 day,ρ = 2.4,s = 4.4,q = 0.86),
the source envelops the caustics. Although this model is
better by ∆χ2 = 10.0 than the best single-lens model,
we find it unlikely (this is essentially the same model
but with an extra body). We found tE < 0.05 day for all
binary-lens models in the grid search.
5. PHYSICAL PARAMETERS
The light curve of the event OGLE-2016-BLG-1928
(Figure 1) exhibits prominent finite source effects that
enables us to measure the angular Einstein radius of the
lens provided that the angular radius of the source star is
known: θE = θ∗/ρ. We use the color–surface brightness
relation of Pietrzyn´ski et al. (2019) to calculate θ∗. To
determine the dereddened color (V −I)s,0 and brightness
Is,0 of the source, we use the standard method of Yoo
et al. (2004). We measure that the source is ∆(V −I) =
−0.13 ± 0.02 bluer and ∆I = 1.40 ± 0.09 fainter than
the red clump centroid in the color–magnitude diagram
(Figure 2). Because the dereddened color ((V −I)RC,0 =
1.06) and brightness (IRC,0 = 14.38) of red clump stars
in this direction are known (Bensby et al. 2011; Nataf
et al. 2013), we measure (V − I)s,0 = 0.93 ± 0.02 and
Is,0 = 15.78 ± 0.09. Subsequently, we determine (V −
K)s,0 = 2.12 ± 0.07 using the color–color relations of
Bessell & Brett (1988) and θ∗ = 2.85 ± 0.20µas using
the color–surface brightness relation of Pietrzyn´ski et al.
(2019).
The calculation above is based on two assumptions.
First, we assume that the source star and red clump
stars are reddened by the same amount. Because the
Gaia proper motion of the source relative to the mean
proper motion of red clump stars is only 0.18 mas yr−1
(Gaia Collaboration et al. 2018) (Figure 3), the source
is likely located in the Galactic bulge and so the first as-
sumption holds true. Second, we assume that the color
of the source is equal to that of the baseline object. Nei-
ther OGLE nor KMTNet observed the magnified part
of the event in the V -band filter, which prevents us from
directly calculating the color of the source. Because the
best-fitting model evinces no evidence for blended light
from unresolved ambient stars, our best estimate of the
color of the source is the color of the baseline object.
Having the angular radius of the source star measured,
we can calculate the angular Einstein radius:
θE =
θ∗
ρ
= 0.842± 0.064µas (3)
and the relative lens-source proper motion (in the geo-
centric frame):
µrel =
θE
tE
= 10.6± 1.0 mas yr−1. (4)
6. DISCUSSION
With the Einstein timescale of tE = 0.0288
+0.0024
−0.0016 d =
41.5+3.5−2.3 min and the angular Einstein radius of θE =
0.842±0.064µas, OGLE-2016-BLG-1928 is the most ex-
treme short-timescale microlensing event discovered to
date. The mass of the lens cannot be determined be-
cause the relative lens-source parallax cannot be mea-
sured:
M =
θ2E
κpirel
, (5)
where κ = 8.144 mas M−1. If the lens is located in the
Galactic disk (pirel ≈ 0.1 mas), then M ≈ 0.3M⊕ (which
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Figure 2. Color–magnitude diagram of stars located within
2′ × 2′ of the microlensing event OGLE-2016-BLG-1928.
is approximately three Mars masses). The lens located
in the Galactic bulge (typically pirel ≈ 0.016 mas) would
be more massive (M ≈ 2M⊕).
The Gaia proper motion of the source (Table 2) favors
the interpretation that the lens is located in the Galactic
disk, so the lens should be a sub-Earth-mass object. The
proper motion of the source is consistent with that of
red clump stars (Figure 3), and the relative lens-source
proper motion is µrel = 10.6± 1.0 mas yr−1. In order to
have this relative proper motion, the lens should lie in
the region around a dashed circle marked in Figure 3 and
there are virtually no Galactic bulge stars in this region
(while there exist some disk stars). To quantify this, we
can directly measure the proper motion distribution of
Galactic bulge stars using Gaia data (Figure 3). This
distribution can be approximated as a Gaussian with
dispersions of 2.884±0.052 and 2.720±0.049 mas yr−1 in
the l and b directions, respectively. Thus the probability
that the proper motion of the lens is consistent with that
of bulge stars is smaller than 2× 10−4.
The lens in OGLE-2016-BLG-1928 is likely a sub-
Earth-mass object, one of the lowest-mass objects ever
found by microlensing. As in the case of other short-
timescale microlensing events (Sumi et al. 2011; Mro´z
et al. 2018, 2019, 2020; Kim et al. 2020), we cannot
rule out the presence of a distant stellar companion.
We conducted an extensive search for possible binary-
lens models – we found that the best-fitting binary-lens
−20−15−10−505
µl (mas yr
−1)
−15
−10
−5
0
5
10
µ
b
(m
as
yr
−1
)
main sequence
giants
source
Figure 3. Gaia proper motions of stars located within
5′ of the event (Gaia Collaboration et al. 2018). Red gi-
ant stars (representing the Galactic bulge population) are
marked by red dots, while main-sequence stars (Galactic
disk population) – blue dots. Solid contours mark (1, 2, 3)σ
“error ellipses” based on the scatter in the distribution.
The proper motion of the source and its position on the
color–magnitude diagram are consistent with those of Galac-
tic bulge stars. The relative lens-source proper motion is
µrel = 10.6 ± 1.0 mas yr−1, so the lens should be located on
a dashed circle.
model is preferred by ∆χ2 = 44.2 over the single-lens
model. Although this appears to be statistically signif-
icant, we found that the source exhibits low-level fluc-
tuations, which may mimic microlensing signal from a
host star. Thus, we do not find any significant evidence
for the host star up to the projected distance of 8.0 au
from the planet (assuming pirel = 0.1 mas).
The properties of OGLE-2016-BLG-1928 place it at
the edge of current limits of detecting short-timescale
microlensing events and highlight the challenges that
will be faced by future surveys for extremely short-
timescale events (for example, by the Nancy Grace
Roman Space Telescope, formerly known as WFIRST,
Johnson et al. 2020). Despite the fact that the event
was located in high-cadence survey fields, only fifteen
data points were magnified (eleven from OGLE and four
from KMTNet), rendering the event difficult to detect.
In particular, the declining part of the light curve is not
fully covered with observations (Figure 1).
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This raises the question of whether the observed light
curve is due to a genuine microlensing event in the first
place. The source star is located in the red giant branch
in the color–magnitude diagram (Figure 2), and some
giants are known to produce stellar flares (e.g., Van
Doorsselaere et al. 2017; Iwanek et al. 2019). However,
the properties of the event (its duration, amplitude, and
light curve shape) do not match those of flaring stars.
For example, Balona (2015) compiled an atlas of stellar
flares observed by the Kepler satellite in short-cadence
mode. They found that 97.8% of stellar flares are shorter
than 0.2 day and that the light curve shapes and am-
plitudes of the remaining 2.2% do not match those of
OGLE-2016-BLG-1928. We also note that the event has
been observed by OGLE since 1997 and there is no ev-
idence for other flares (nor periodic variability due to
star spots) in the archival data, suggesting the object is
unlikely to be a flaring star.
Another issue resulting from the short duration of
the event is the lack of color measurements while the
source is magnified. According to Mro´z et al. (2020),
in microlensing events exhibiting strong finite source ef-
fects, the angular Einstein radius depends on the sur-
face brightness of the source, which make color measure-
ments critical for determining θE. In the present case,
we assumed that the source color equals to the color of
the baseline object, which is motivated by the lack of
evidence for the blended light in the best-fitting models.
This issue may become more important for the Roman
telescope which is being designed to carry out observa-
tions in W146 filter with a 15 min cadence and in Z087
filter with a 12 hr cadence. Johnson et al. (2020) es-
timate that only approximately 10% of short-timescale
events due to 1M⊕ lenses would have a color measure-
ment. We thus advocate that the frequency of Z087
filter observations should be increased.
The discovery of OGLE-2016-BLG-1928 demonstrates
that current microlensing surveys are capable of finding
extremely-short-timescale events. Although the mass of
the lens cannot be unambiguously measured, properties
of the event are consistent with the lens being a sub-
Earth-mass object with no stellar companion up to the
projected distance of ∼ 8 au from the planet. Thus, the
lens is one of the best candidates for a terrestrial-mass
rogue planet detected to date. This population of low-
mass free-floating (or wide-orbit) planets may be further
explored by the upcoming microlensing experiments.
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